Little information exists on risk factors associated with bone fractures during childhood and adolescence. This 1972 This /1973 This -1990 This /1991 New Zealand study examined the influence of birth size, height and weight throughout growth, smoking, breastfeeding, and sports participation on the risk of fracture in participants of the Dunedin Multidisciplinary Health and Development Study. Information on height, weight, fracture status, and lifestyle was collected at birth and at ages 3, 5, 7, 9, 11, 13, 15, and 18 years from parents and/or participants. Study members sustained 229 (girls) and 393 (boys) fractures between birth and age 18 years. Fracture risk was elevated (per standard deviation unit increase) in relation to birth length (prepubertal fractures only) (risk ratio (RR) = 1.28, 95% confidence interval (CI): 1.04, 1.58), weight at age 3 years (RR = 1.14, 95% CI: 1.03, 1.27), weight from ages 5 to 18 years (RR = 1.15, 95% CI: 1.03, 1.28), height at age 3 years (RR = 1.13, 95% CI: 1.01, 1.26), and height from ages 5 to 18 years (RR = 1.13, 95% CI: 1.02, 1.24). Birth weight, maternal smoking, breastfeeding, and sports participation had no significant effect on fracture risk. However, for teenagers, personal daily smoking increased the risk of fracture (RR = 1.43, 95% CI: 1.05, 1.95). The authors concluded that tall and heavy children had an increased risk of fracture, as did adolescents who smoked regularly.
Approximately 55 percent of all children break at least one bone before the age of 18 years (1) . Fractures are the most common injury of childhood requiring hospitalization (2) . Thus, childhood and adolescent fractures represent a considerable public health burden. In most populations, fracture incidence peaks in early adolescence and then again during late adult life (3) (4) (5) . More attention has been given to determining and minimizing the risk of fracturing during later life because of the greater morbidity associated with fractures in this age group. However, less attention has been directed toward determining risk factors for fractures sustained during growth and considering what can be done to minimize them.
A number of groups have found that low bone mass and reduced bone density in childhood or adolescence are associated with clinical risk factors such as maternal smoking during pregnancy (6) , reduced rates of breastfeeding (7) , low calcium intakes, low physical activity levels (8) , reduced birth size, or altered postnatal growth (9) . Nevertheless, little work has been done to elucidate whether these same risk factors play a role in elevating the risk of fracture during childhood and adolescence.
A number of risk factors for fracture during growth have already been identified. We have previously shown that fractures of the distal forearm are associated with low bone density of the total body, forearm, hip, and lumbar spine in both boys and girls (10, 11) . Reduced bone mineral density is therefore a risk factor for fracturing during growth, as it is during adulthood (12, 13) . Prospectively, low total body bone mineral density has been shown to predict new fractures at any site in girls over a period of 4 years (14) . Sustaining at least one previous fracture is also an independent risk factor for further fractures in children (14) , similar to adults (15) . Whereas, in adults, high body weight acts to increase bone density and reduce fracture risk (16), we and others have found that high body weight during growth is associated with an increased risk of distal forearm fracture (10, 11, 14, 17) . Reduced bone size also increases the risk of fracture in overweight girls (17) . Other nonbony risk factors identified include high levels of sports participation, lower levels of breastfeeding and inhaled steroid use (18) , habitually low calcium intakes (19) , and consumption of cola beverages (20) .
The aims of this study were to examine whether perinatal growth variables such as birth weight and length have any effect on fracture risk during growth. In addition, we examined the influence of height and weight throughout growth and the influence of breastfeeding, smoking, and sports participation on the risk of sustaining a fracture during growth. The Dunedin Multidisciplinary Health and Development Study provides a unique opportunity to examine risk factors associated with fractures during growth because accurate anthropometric records exist for both birth and later ages (21, 22) . Moreover, information regarding fractures was collected regularly throughout growth (1).
MATERIALS AND METHODS
The Dunedin Multidisciplinary Health and Development Study is a longitudinal study of the health, development, and behavior of a sample of children born at the only obstetric hospital in Dunedin, New Zealand, between April 1, 1972, and March 31, 1973 . The sample was drawn from all children born at Queen Mary Hospital that year whose mothers had resided in the metropolitan area at the time of the birth and still lived in the Otago area when the children were 3 years of age. Consent to participate was given by the parents of 1,037 of the 1,139 eligible children traced (52 percent male). Members were seen again close to the time of their birthdays at ages 3, 5, 7, 9, 11, 13, 15, and 18 years. The study members' socioeconomic status distribution corresponded to the full range of socioeconomic status distribution in the general population of New Zealand's South Island. The cohort is predominantly Caucasian and, when compared with the New Zealand population, is underrepresentative of Maori and other Pacific peoples. The study is described in detail elsewhere (22) .
The Research Ethics Committee of the Otago Hospital Board granted ethics approval for each phase of this longitudinal study. Study members' parents, or later the members themselves, gave informed consent before participating.
Birth weight and length were derived from a larger study in which details of both antenatal and perinatal events were recorded for babies born at Queen Mary Hospital between 1967 and 1973 (23) . Duration of pregnancy was measured from the date of the last menstrual period. Infants whose gestational age was known to be 37 weeks or less were excluded from the present study. Weight and height were measured at each visit to the research unit. Weight was recorded to the nearest 0.1 kg by using a Lindell beam balance with the participants wearing only light clothing. Height was measured to the nearest millimeter by using a portable Harpenden stadiometer. Birth weight and length, as well as weight, height, and body mass index at each age thereafter, were standardized to the Centers for Disease Control and Prevention growth charts (24) ; these values were then used in the present analysis.
We chose an arbitrary cutoff for determining prepuberty of less than age 9 years for the girls and less than age 11 years for the boys (25) . Older children were classified as adolescents. We recognize that this cutoff would have misclassified some study members, but no pubertal staging was available for the members.
When children were aged 5 years, the parents were asked to provide information on all injuries suffered by their children during the first 5 years of life. Thereafter, injuries were reported when children were seen at ages 7, 9, 11, 13, 15, and 18 years. Fracture details were derived from this information (1). Bone age was measured at age 7 years, as described previously (26) . Information about breastfeeding was obtained at age 3 years and was categorized as more than 4 weeks, yes/no. We also examined the influence of sports participation (reported as minutes per week of physical activity at ages 15 and 18 years) on fracture risk from age 13 years on. When the study members were aged 9 years, maternal smoking was assessed by asking the mothers whether they had smoked during pregnancy. From age 9 years on, the participants were asked about their own personal smoking (27) . For the purpose of the current analysis, smoking information collected at ages 15 and 18 years was used because very few members smoked cigarettes daily before this age.
Socioeconomic status was based on the six-point Elley and Irving scale (28) designed for use in New Zealand. We used socioeconomic status information collected at birth and the assessments at ages 9 and 15 years. Participants were described as having a low socioeconomic status if their families were classified as being in the lowest two categories of the scale on at least two occasions and as having a high socioeconomic status if their families were grouped in the highest two categories on at least two occasions; all other combinations were recorded as medium socioeconomic status.
Negative binomial regression with a random effect was used to analyze the data regarding the total number of fractures because we were interested in the number of fractures rather than whether the participant had experienced a fracture. The random effect accounts for the overdispersion in the data and enables it to vary from person to person. The model included terms for interactions between age at which the data were collected and sex, to take into account different fracture rates at different ages for males and females, and terms for the standardized score of the independent variable of interest. Including additional terms for the interaction between age and the variable of interest (such as weight or height) was also considered; however, because these terms were not statistically significant, a single term described the association between standardized weight and height and the risk of fractures over the whole age range. Thus, the estimate for the effect of weight or height was the same for each age. Dividing the group into prepubertal participants or adolescents was used as a more sensitive test of the effect of maturity. Interactions between these two groups and the variable of interest enabled us to describe effects at the different developmental stages. The different exposure times were also taken into account. Although the total number of wrist or forearm fractures was small, we wanted to examine the risks of wrist fracture. This fracture is the most common in this cohort, and wrist fractures are often associated with bone fragility. Participants who sustained wrist fractures and participants who experienced other fractures were simultaneously compared with those who did not fracture by using multiple logistic regression with the data from each phase. A person who reported both a wrist fracture and another fracture in the same period was assigned to the wrist fracture group. Because the fracture rate was low, the odds ratios could be compared with the risk ratios generated by negative binomial regression. The observations were not independent because multiple measures for each person were used; therefore, the sandwich estimator was used to adjust the standard errors (29) . Inclusion of interaction terms was approached in the same way as that for the negative binomial regression.
Sixty-nine participants were omitted because of prematurity (n = 41) or because anthropometric data were missing. The multivariate analyses allowed for the different number of observations at each phase. All data were analyzed by using Stata statistical software, release 7 (Stata Corporation, College Station, Texas, 2001). Table 1 presents the numbers of participants seen at each age and the means and standard deviations for birth weight, birth length, and weight and height at each age. For girls and boys included in the study, 229 and 393 fractures, respectively, were reported between birth and 18 years of age. Table 2 shows that birth weight, after adjustments for age and sex, had no effect on the risk of experiencing a fracture throughout growth either prepubertally or during adolescence. By contrast, a standard deviation unit increase in birth length (prepubertal fractures only), weight and height at age 3 years, and weight and height from ages 5 to 18 years were all significantly associated with an increased risk of experiencing a fracture, and this association was stronger for prepubertal than for adolescent fractures. Raised body mass index increased the risk of prepubertal fracture only. We also looked at the difference in z score between birth weight and length and subsequent weight and height at 3 years. Neither was significant (risk ratios for prepubertal fractures = 1.13, 95 percent confidence interval (CI): 0.96, 1.34 for weight and 1.08, 95 percent CI: 0.90, 1.28 for height). Table 3 shows that elevated birth weight and birth length were not associated with an increased risk of sustaining either a wrist/forearm fracture alone or any other type of fracture; those who did not fracture were considered the reference group. However, elevated birth length (per stan- dard deviation unit) was associated with a nonsignificant increased risk of 45 percent for prepubertal wrist fractures. In addition, increased weight and height at age 3 years and from ages 5 to 18 years were associated with an increased risk of prepubertal wrist fracture (nonsignificant) and all other fractures prepubertally, which reached significance mostly in the "other fractures" category because of larger numbers in this group (n = 26 for girls and n = 89 for boys) compared with prepubertal wrist fractures (n = 16 for girls and n = 25 for boys). Body mass index from ages 5 to 18 years increased the risk of other fractures at all ages and in adolescence.
RESULTS
The risk ratios for maternal smoking during pregnancy and for personal daily smoking at ages 15 and 18 years are presented in table 4. A total of 258 (26.6 percent) mothers reported smoking during pregnancy, 485 mothers did not smoke, and smoking status was unavailable for 225 mothers. Maternal smoking was associated with a trend toward an increased risk of childhood fractures sustained throughout the 18 years of the study, particularly of the wrist/forearm and for fractures reported prepubertally. Adjusting for socioeconomic status did not alter the results appreciably (risk ratio for all fractures = 1.13, 95 percent CI: 0.91, 1.40). Analysis for personal smoking was related to 92 fractures reported in the girls and 194 fractures reported in the boys when the participants were aged 15 and 18 years (encompassing the period 13-18 years). At age 15 years, 105 study participants reported smoking daily and 106 reported smoking occasionally; at age 18 years, 261 study participants reported smoking daily and 98 reported smoking occasionally. Daily cigarette smoking was associated with a 43 percent increased risk of fracture, whereas occasional smoking was associated with only a nonsignificant 8 percent increase. The interaction effect between smoking and sex was not statistically significant, so fracture risk was affected similarly by cigarette smoking for both females and males.
In our cohort, breastfeeding (risk ratio = 1.04, 95 percent CI: 0.86, 1.23), increasing bone age (per standard deviation increase) (risk ratio = 1.04, 95 percent CI: 0.93, 1.57), or participation in physical activities for more than 1 hour a week (risk ratio = 0.76, 95 percent CI: 0.51, 1.12) was not associated with the risk of fracturing.
Adjusting for socioeconomic status and maternal smoking did not appreciably alter any of the risk ratios for fracture in relation to height and weight (data not shown). No interaction effect was found between smoking and weight, although adjusting for weight increased the risks of fracture for smokers marginally. The risk ratios were 1.09 (95 percent CI: 0.73, 1.62) for occasional smoking and 1.46 (95 percent CI: 1.07, 1.99) for daily smoking.
Although babies born earlier than 37 weeks of gestation were excluded from the main analyses, all premature babies were compared with babies born at 37 weeks or later to determine whether children or adolescents born prematurely were at greater risk of fracture compared with children born at term. Forty-one study participants were born at less than 37 weeks of gestation, with 20 subjects from this group reporting 32 fractures. However, the relative risk of fracturing compared with those born at term was 1.16 (95 percent CI: 0.75, 1.81).
DISCUSSION
To our knowledge, this study is the first to establish in a birth cohort that children who were born long or were heavy and tall throughout growth had an increased risk of breaking bones during their childhood and adolescence. Risk was also increased for adolescents who were daily smokers. Conversely, birth weight, maternal smoking during pregnancy, breastfeeding, and sports participation did not increase the risk of fracture between birth and 18 years of age.
The fetal-origin-of-disease hypothesis has suggested that modifications to the perinatal environment that result in low birth weight and/or reduced weight early in infancy may negatively contribute to the risk of various diseases in later life (30) . Cooper et al. (31) have suggested that osteoporosis may be a disease programmed during early life. It has been shown that birth weight, birth length, and length gain in the first month of life contribute significantly to bone mineral density in children 8 years of age (32) . Bone mineral content at the lumbar spine and femoral neck of women aged 21 years is also associated with weight at 1 year of age (9) . Similarly, significant relations have been found between birth weight, weight at age 1 year, and bone area and bone mineral content in older adults (33, 34) . Furthermore, a low rate of growth between 7 and 15 years of age has also been shown to be associated with an increased risk of hip fracture late in life (35) . Because bone mineral density and bone mineral content were not measured in our study, we cannot report the effect of birth size or later growth variables on bone mass, size, or density in our cohort. However, to our knowledge, until now no one has ascertained whether perinatal or childhood growth influences the risk of sustaining fractures in childhood and adolescence. Our results show that while birth weight did not have a significant effect on the risk of fracturing during growth, birth length was associated with a 28 percent increase in risk for all prepubertal fractures for every standard deviation unit increase. Although low numbers of prepubertal wrist fractures limited statistical power, birth length tended to be associated with an increase in risk for prepubertal wrist fractures. This finding may reflect a propensity for girls and boys to fracture a wrist before age 9 and before age 11 years, respectively, when height is achieved early.
Greater weight and height, both at age 3 years and from ages 5 to 18 years, were each associated with an increased risk of fracturing. Our results strongly suggest that youngsters who are heavy and/or tall have an increased risk of fracture prepubertally. Children who gain height quickly and are tall early presumably have a higher tempo of growth resulting in a greater rate of bone remodeling, which may increase their bone fragility (36) and susceptibility to fracture. Such children must absorb and retain the nutrients needed to build bone in a shorter time than children who grow more slowly. This requirement may place higher nutritional demands on them (37) . In addition, a disassociation between body size and bone development exists such that, by the second year of life, approximately half of final stature has been achieved while only 10 percent of maximal skeletal weight has been attained (9) . By age 7 years, 80 percent of predicted adult height has been achieved but bone mineral content is approximately only 40 percent (38) . For children who grow tall quickly and early, this discrepancy of bone mass to body mass may be magnified, resulting in a temporary bone density deficit resembling that reported at the pubertal growth spurt (39) . Similarly, for children who are heavy and are carrying excess fat mass, this discrepancy may be magnified, conferring a biomechnical disadvantage, which may increase their risk of fracture (14, 40, 41) . Children with a high body mass will also fall more heavily than lighter children. Other potential explanations include poor coordination or balance difficulties for larger children, leading to a greater propensity to fall (42) . Bigger children may be encouraged to participate in sports with older children of the same size who may be skeletally stronger, which could increase their risk of injury and fracture of their more immature bones.
Our group has previously found, in both boys and girls with recent distal forearm fractures, that more were overweight or obese when compared with fracture-free controls (10, 11) and, for girls, that high body weight is an independent predictor of new fractures at any site over 4 years (14) . Others have also found that overweight is associated with forearm fractures in childhood (17) . In contrast, Ma and Jones (13, 18) did not find an increase in body weight in children with fractures compared with those who did not report a fracture.
Three possible explanations may account for the weak associations seen between height and weight and adolescent fractures. First, overweight children may reduce their participation in sports as they move into adolescence, resulting in fewer fractures. Second, there may be an increase in the number of reported fractures unrelated to body size, such as those of the fingers and toes, because of greater involvement in sports or other risk-taking behavior. However, we found that participation in physical activity did not influence fracture risk, perhaps because physical activity can be both beneficial for bone strength through increased loading (8) while increased exposure to events likely to lead to fracture may elevate fracture risk. Third, bone mineralizes and strengthens rapidly during puberty (38, 43, 44) , and, as the skeleton nears its adult strength, the discrepancy between body size and bone strength minimizes so that fewer fractures result from elevated height and high body weight.
Maternal smoking during pregnancy has been associated with reduced bone mineral density in prepubertal Tasmanian children (6), although not with an increased risk of fractures (18) . In our larger cohort, we observed a trend toward an increased risk, particularly for prepubertal fractures (38 percent), although the risk did not reach statistical significance. Our information concerning maternal smoking during pregnancy was ascertained retrospectively, when the study participants were aged 9 years. Tomeo et al. (45) found that mothers appear to remember pregnancy-related issues including smoking satisfactorily, and results from other studies suggest that self-reported smoking is reasonably accurate (46) . However, some mothers who did smoke during pregnancy may deny doing so, as others have found (47) . We recognize that maternal smoking during pregnancy may be a marker of other factors that affect the postnatal or early-life environment of children whose mothers are likely to have smoked during pregnancy.
We found that daily smoking by adolescents (aged 13-18 years) raised their risk of fracturing substantially. Likewise, older adults are at a greater risk of fracture if they smoke, although evidence for an effect of smoking on increasing fracture risk during young adulthood to middle age is more ambiguous (48) . Increased fracture risk for older adults who smoke has been attributed to low bone density. Additionally, there may be decreased intestinal calcium absorption because of low serum calcitriol levels (49) . Although our evaluation of smoking was simple (daily, occasional, or never) and we did not take into account number of cigarettes smoked daily, we found a strong effect of daily smoking on increasing fracture risk. Our study did not identify the mechanism by which cigarette smoking increases the risk of fracturing in adolescents, although reduced bone density probably plays a role (50) . Alternatively, this increased risk of fractures may not be an effect of smoking per se but rather an unidentified behavior that typifies regular adolescent smokers. However, those teenagers who smoked daily in adolescence did not have an increased risk of fractures before age 13 years (data not shown), suggesting that not the characteristics of the smoker but rather the smoking itself raises the risk of fracture. Additionally, in this cohort, smoking in adolescence did not predict serious injury or traffic crashes in adults aged 21 years (51). Unfortunately, the prevalence of smoking may be increasing in New Zealand teenagers (52) , and the long-term effects of smoking as an adolescent on bone health are not known, particularly since many teenage smokers continue smoking into adulthood. Encouragingly, for adult former smokers, the negative skeletal effects of cigarette smoking appear to wane (53, 54) .
Low bone mineralization has been reported in children born preterm who tend to be small (55) (56) (57) (58) . In our study, a trend toward increased fracture risk was observed for children born preterm, although this risk was not statistically significant; it is possible that their smaller body size was protective. Bowden et al. (57) found that preterm children aged 8 years were shorter and lighter and had fewer accidental fractures compared with term controls. Our present analysis lacked statistical power because of the small number of preterm children in our cohort.
A major strength of our study is that participants reported fractures at regular intervals throughout growth, which minimized recall bias. Excellent follow-up rates over the 18 years of the study were also achieved (22) . Bone mineral density measurements were not available for cohort members because our study began before the advent of dual energy xray absorptiometry. Thus, anthropometric variables or the fracture rate could not be linked to the presence of low or high bone mineral density. We also acknowledge that the present analysis was limited to examining the effects of anthropometry, breastfeeding, sports participation, and smoking on fracture risk. Other potential risk factors for fracture in this age group exist.
To conclude, fractures in children are an important public health problem (59) warranting further study, since more than half of all children experience at least one fracture before the age of 18 years (1). Some evidence exists that the fracture incidence in childhood is increasing in some populations (60, 61) but not all (62) . This paper identified high body weight and height as risk factors for fracture, particularly during the prepubertal years, a major concern given the rising rates of obesity at a young age (63, 64) . In addition, teenage smoking is a strong risk factor for fracture during the adolescent years, giving further impetus to public health messages to curb teenage smoking. Strategies to reduce the number of fractures in youngsters should include reducing the prevalence of overweight and obesity in children and implementing campaigns to reduce the prevalence of smoking in teenagers. These interventions also have the potential to help prevent the development of many other chronic diseases.
